Solid State Nuclear Track Detectors of the CR-39/PM-355 type were irradiated with protons with energies in the range from 0.2 to 8.5 MeV. Their intensities and energies were controlled by a Si surface barrier detector located in an accelerator scattering chamber. The ranges of protons with energies of 6-7 MeV were comparable to the thickness of the PM-355 track detectors. Latent tracks in the polymeric detectors were chemically etched under standard conditions to develop the tracks. Standard optical microscope and scanning electron microscopy techniques were used for surface morphology characterization.
I. INTRODUCTION
During the last 40 years the method generally known as Solid State Nuclear Track Detector (SSNTD) has grown and is now a distinct branch of science and technology. Fields where well-established applications of this technique already exist include nuclear physics, space physics, cosmic ray physics, particle accelerator physics, geology and archaeology, medicine and biology, radiation protection studies for space research, and -in particular -high temperature plasma studies. 1 Some properties of SSNTDs, such as their high sensitivity to ions over a wide energy range, their nearly 100% detection efficiency for charged projectiles, the ability to register relatively high particle fluxes, resistance to vacuum conditions, very small sensitivity to photons and electrons make them very useful tools for hot plasma experiments. Therefore, one can observe an increasing interest in such detectors in many plasma laboratories. [2] [3] [4] At the Andrzej Soltan Institute for Nuclear Studies (SINS) now the National Centre for Nuclear Research (NCNR), CR-39 track detectors and recently PM-355 derivatives of the CR-39 material (C 12 H 18 O 7 ) have been used for a long time. Calibration studies of the aforementioned detectors have also been performed at SINS for several years. As a result of these studies we obtained an extensive collection of data on the shapes of tracks formed by different projectiles at various energies. 5, 6 The problem of the development and simulation of etched track profiles in CR-39 material and comparison with experimental results for light ions of different kinds and energies has been the subject of many studies in recent years. [7] [8] [9] [10] [11] [12] [13] The currently existing computer programs calculate the depth, diameter, range, saturation time, and etch rates versus etching time. The simulation programs reasonably approximate the experimental three dimensional track images for protons, α particles, and Li ions. But further experimental data on bulk etch rate values V B and depth of tracks L(t) a) a.malinowska@ncbj.gov.pl would help in developing models that better fit the experimental observations. This paper presents the results of our recent measurements of the changes in track diameters D(t), as well as in the geometry of proton track openings at the entrance and exit surfaces of the plastic. The results of our study of the sensitivity function V = V T /V B as a function of proton energy and etching time t are also demonstrated in this paper. The main aim of this work was to determine the shape of proton tracks near the end of the projectile range in the detector material. The proton energies (6-7 MeV) were chosen to give a proton range in the polymer of about 500 μm to be near the Bragg peak.
II. EXPERIMENT
In this paper SSNTDs of the CR-39/PM-355 type with a thickness of 0.5 mm were exposed to protons with energies in the interval 0.2-8.5 MeV.
14 To perform the calibration measurements, rectangular samples were irradiated by protons elastically scattered from a thin Au foil. Proton beams were delivered by two accelerators. In the energy range from 0.2 MeV up to 2.0 MeV the irradiation was performed with steps of about 0.2 MeV using the "Lech" Van de Graaff accelerator at NCNR, Poland. Higher energy protons, i.e., with energies from 2.0 MeV to 8.5 MeV changed in steps of about 0.3 MeV, were provided by the Tandem accelerator operated at the Erlangen-Nürnberg University, Germany. The accelerated protons, after scattering on about 130 μg/cm 2 thick gold foil, hit at almost normal incidence the SSNTD samples with up to about 3 × 10 4 particles/cm 2 . At each energy six rectangular samples (∼1 × 3 cm 2 ) cut from the same production sheets were simultaneously irradiated. The scattered protons were monitored with a Si surface-barrier detector located at 150
• relative to the incident proton beam in order to determine their energy spectra and to control the counting rate. The energy spread of the elastically back-scattered protons depends mainly on the total energy loss in the target (Au foil) and it ranges from 40 keV for 2 MeV protons up to 30 keV for 8 MeV protons. Typical energy spectra of the back scattered protons that hit the SSNTD samples and measured by the Si detector are shown in Fig. 1 . After the irradiation, samples were chemically etched in steps in a 6.25 N water solution of NaOH at a temperature of 70
• C ± 1 • C during selected time intervals. The etching process was performed with the samples attached to a special rotating holder made of Teflon. The rotation of the samples keeps the homogeneity of the etching solution and prevents the deposition of etch products on the detector surfaces. In the first step one part of the irradiated PM-355 samples were analyzed in order to determine track diameter magnitudes versus proton energies and etching time t. The track detector read-out was made using a semiautomatic system composed of an optical microscope connected to a PC by means of a CCD camera and suitable software (Nikon-NIS-Elements BR 4.00.03-64 bit). In the second step an electron microscope (SEM) was used to measure the track length L(t) as a function of etching time. A scanning Electron Microscope of DSM 942 type (Zeiss, Germany) was the main tool used to study the surface morphology of the detectors irradiated with protons with energies of 6-7 MeV. Both detector surfaces -projectile entrance and exit sides -were examined for track diameter measurements with statistics of about 50 events. Fractures of the detectors were observed for determination of the track shape and depth. Samples for SEM observations were prepared with a procedure carried out for non-conductive samples: conductive glue and covering with a thin gold layer. 15, 16 
III. RESULTS AND DISCUSSION
The widely accepted growth models of the track etchpit involve two etch rates: the track etch rate along the particle trajectory (V T ) and the material bulk etch rate (V B ). The latent track develops into a conical etch pit when the track etching velocity V T is larger than the bulk etching velocity V B .
5, 17 The values of the bulk etch rates were determined in our all experiments from the weight losses of rectangular samples with areas between 15 and 21 cm 2 of non irradiated PM-355 detector material which were subjected to the interrupted etching procedure. The same etching conditions were used in all our measurements (i.e., a 6.25 N water solution of NaOH at a temperature of 70
• C). Figure 2 presents the weight losses of our detector material after every 2 h etching.
One can observe that the detector material is removed with two bulk etching rates, V B . In the first hour of etching time we found a bulk etch rate V B equal to 0.60 ± 0.12 μm/h, while from the next 8 × 2 h measurements of the detector we obtained a linear relation between the loss of the detector weight values and the etching time and an almost constant V B value equal to 1.65 ± 0.2 μm/h. Also, the density of the detector material was determined by a weighing method and was equal to about 1.26 g/ cm 3 . Such V B behavior was also observed by other authors, i.e., Yamamoto et al. 18 They found a smaller V B value in the first 750 nm layer and a higher V B for deeper than 750 nm layers. These authors suggest that the probable cause of this phenomenon is the hardness of the surface layer of the detector, which was in contact with the casting glass plate during the manufacturing procedure.
The bulk etch rate determined using three independent experimental methods, by Dörschel et al. 8 gives a mean value of V B = 1.83 μm/h in comparison to our lower value of V B = 1.65 μm/h, resulting from a lower concentration of NaOH water solution for sample etching. Hermsdorf used a V B value of 1.73 ± 0.09 μm/h, the accuracy of which was checked and verified by an international team in laboratories in Germany, France, and Japan. 19, 20 The latter values are also higher because of the higher concentration of the NaOH solution relative to ours.
It is also important to note that our earlier measurements of V B carried out during the relatively long period of about 15 years indicated different values. 21 The noticed that V B can vary from one experiment to another, even if the same detector material as well as etching conditions (solution concentration, temperature, and etching time) are used. Azooz et al. 12 also found that the bulk etching rate of the CR-39 material achieved values between 1.32 and 1.43 μm/h for the same etching conditions as were used in our studies. In most codes which simulate the track profiles, the bulk etch rates, V B , are assumed to have constant values (time independent). According to the observation demonstrated in our present paper and the paper by Yamamoto et al. 13 a constant value of V B can be assumed only after a few hours of etching.
In Fig. 3(a) we assemble the results of the detailed calibration measurements which were performed for protons, i.e., track diameters D(t) versus proton energy and 4, 8, 14, and 20 h etching time values. The diagrams demonstrate specific maxima, which are shifted to higher proton energy for longer etching times.
Our earlier studies showed that the location of the maximum is defined by the thickness of the external detector layer removed during the bulk etching process and the range of the projectile in the detector material. 5, 22 This means that the tracks are etched out to the largest diameters only when the etching solution has unconstrained access to the end part of the particle trajectory where the concentration of the detector material defects is the highest. This takes place after removal by etching of the external layer of thickness equal to the projectile range. As illustrated in Fig. 3(a) , the track diameters increase very fast in the region of relatively low proton energy. When the maximum is attained the track diameters decrease monotonically with a further increase in proton energy. In the region 1 MeV-6 MeV track diameter magnitudes decrease approximately as expected from the stopping power energy dependence (shown as the solid line in Fig. 3(a) ).
The track registration sensitivity function V = V T /V B was obtained on the basis of the results of the track diameter measurements D(t) which are presented in Fig. 3(a) . The track etch rate V T was calculated using the standard method proposed by Fleischer et al. 23 The approximate formula for V T was derived assuming conical track profiles. Such an assumption is additionally confirmed by our measurements of the track profiles presented in Fig. 6 . This formula has the form
The values of the sensitivity function obtained are presented in Fig. 3(b) . From Fig. 3(b) one can see that the sensitivity function V(t) is systematically shifted to higher energies with increasing etching time. The reason for such a shift can be explained by the data presented in a series of publications by the group from Dresden University of Technology, Germany, but particularly on the basis of data presented in Fig. 10 of Dörschel et al. where the track etch rate V T as a function of etching time in the proton energy range 0.77-7.08 MeV is shown. 8, 24, 25 The track etch rate V T dependence versus etching time t published by Dörschel et al. 8 shows a classical analog of the Bragg curves. The maximum values of V T occur at the depths where the proton energy loss has its maximum values. On the basis of Fig. 10 published by Dörschel et al. we can say that at a fixed etching time all curves V T are cut-off. 8 For high proton incident energies the long tail of the Bragg curves is crossed. For lower energies this crossing reaches the Bragg peak region more and more and consequently the sensitivity function V increases with decreasing energy up to a maximum value. This maximum shifts with increasing etching time.
The proton range and stopping power in PM-355 material were calculated using the computer code TRIM of Ziegler et al., and the results obtained are presented in Figs. 4(a) and 4(b). 26 To study the track evolution in the reverse direction (i.e., towards the exit side) we had to choose incident projectiles of a range comparable with the detector thickness. In the present experiment we used detectors of thickness about 500 μm. Such a thickness is comparable to the range of incident protons with energies equal to 6-7 MeV. Transmission measurements as performed for 8.3 MeV protons in our PM-355 detector samples showed that these protons lost about 5 MeV energy penetrating through the sample, which could indicate that the sample was in reality about 490 μm thick. Thickness measurements performed using a mechanical micrometer (with a few μm accuracy) showed similar values. This measurement also revealed that the samples were not homogeneously thick.
In Fig. 5 we present diagrams of track diameter evolution D(t) measured at the entrance and exit sides of a PM-355 detector irradiated by protons with energies: 6.36, 6.66, and 7.25 MeV as a function of etching time using the scanning electron microscopy (SEM) technique. In the case of protons with the smallest energy, i.e., 6.36 MeV (Fig. 5(a) ), no tracks were developed at the exit side after 1, 2, and 3 h of etching. The first tracks developed at the exit side of the sample appeared after 4 h, i.e., when the thickness of the detector layer removed from one side of the detector sample was equal to about 6 μm. This means that the projectile was slowed down inside the polymer and didn't pass across the whole detector and stopped shortly before the exit side. In the case of protons with higher incident energy, 6.66 MeV (Fig. 5(b) ), tracks were developed on both sides and visible after the first hour's etching.
This means that the projectiles penetrate the detector and the etching solution starts the etching process of the track immediately on both sides of the sample. The exit residual en- ergy is about 1.5 MeV. The etching process at the exit side takes place in the Bragg peak region (Fig. 4(b) ) where the stopping power is higher than at the entrance side for an incident proton energy of 6.66 MeV. In consequence the track diameters are larger at the exit side because the track diameters are correlated with the stopping power values (shown schematically in Fig. 3(b) ). Finally, for protons with energy 7.25 MeV (see Fig. 5(c) ) the projectile penetrates the detector with a residual energy of about 2-3 MeV. The etching process starts at relatively high projectile energy on the exit side.
Since the difference in the stopping power values at the exit and entrance sides is small the track diameters on the entrance side are only slightly different and smaller from those on the exit side. The shape evolution of the entrance and exit tracks induced by 6.66 MeV protons in the PM-355 detectors is presented in Fig. 6 versus etching time.
Developed tracks are conical in shape (and their depths at both sides of the detector were measured using the scanning electron microscope). On the basis of the track depth L(t) measurement results and the V B values determined in this paper the V T values at the entrance and exit sides of the detector were calculated using the formula (2) presented in papers by Hermsdorf, and by Balestra et al., which was originally proposed by Dörschel et al.: 17, 25, 27
One can note that the response function at the exit side of the detector is higher than at the entrance side (see Figs. 7(a) and 7(b)). It is plausible to note that the track depths L(t) on the exit side are larger due to the smaller exit proton energy and in consequence the larger value of the stopping power. In Fig. 7(c) we also present the V T values at the entrance and exit sides of the detector for 6.66 MeV protons obtained from the track diameters D(t) presented in Fig. 5(b) and measured using the scanning electron microscope technique. 
IV. CONCLUSIONS
The most important results of these studies can be summarized as follows:
1. Two phases of the bulk etch rate V B value were observed: 0.60 μm/h ± 0.1 (smaller) in the near surface layer-around 1 μm and 1.65 μm/h ± 0.2 (higher), almost constant, in the deeper layers of the detector used here. 2. For optimal etching conditions the pre-etching procedure before irradiation of the SSNTD samples will be very useful for eliminating the near surface bulk etch rate V B and also to reduce the surface background of the samples. 3. The slope of the track diameter evolution in the energy range 1-6 MeV is correlated with the stopping power dependence. 4. From the measurements carried out it can be noted that the diameters and the depths of the tracks are higher at the exit side of the detector for protons with 6.66 MeV energy than at the entrance side of the detector used here. 5. Observations of the diameter and shape of developed tracks at the entrance and exit side of the PM-355 detector allowed us to verify the theory of increasing energy loss for charged projectiles near the point of their range in the detector material. 6. The use of the high resolution scanning electron microscopy (SEM) technique enabled us to measure geometrical parameters of small tracks (after a short etching time) especially for protons (e.g., track diameters D(t) and track depths L(t)). 7. Using the SEM technique for the determination of the track profile has several limitations: it is time consuming, destructive, and in practice it is difficult to obtain good statistics. 8. The V T values, obtained by two different methods, from track diameter D(t) and track length L(t) of the etched tracks are in good agreement, in the limit of an acceptable margin of errors.
